Ultra-short laser applications require high quality dielectric optics. The natural dispersion of light needs to be matched by dielectric components. However such dispersive components are very challenging for the deposition process and are characterized by high field intensities inside the layer stack. Such layers are expected to diminish the possible laser induced damage thresholds (LIDTs) because of their low optical gap value for suitable high refractive index materials. This paper reports about the manufacturing of amorphous nanolaminates to tune the optical gap. Such sequences are substituted into a conventional high reflective mirror to decrease the electric field of binary Tantala layers by 30 % which correlates to an improvement in LIDT of almost 16%.
Introduction
Laser applications in the femtosecond (fs) regime are required for a huge quantity of direct industrial applications and can be considered as a key tool for many basic research projects. In general two laser parameters are essential to fulfill upcoming challenges; the laser pulse duration and the laser peak power. The generation of ultra-short laser pulses in the few fs regime requests optical switches for mode locking. A well-established principle is based on the Kerr effect: The index of refraction is influenced for high laser intensities by an additive term. Highest intensity laser modes are focused stronger in a medium with respect to low intensity modes. The mode locking is realized by adjusting an aperture behind the Kerr media in order to block the low intensity laser modes [1, 2] . However the impact of the natural dispersion of light contributes significantly for such short pulses, leading to time broadened laser pulses. A precise management of the phase of the electric light is necessary to counter the dispersion. One approach can be realized with prism pairs to chirp the laser pulse in time [3] . Prism pairs reach their limit for the generation of low fs pulses due to their inherent third order dispersion (TOD) [4, 5] . This drawback can be overcome with dielectric mirrors capable to compress pulses without the influence of nonlinear-frequency components higher than the group delay dispersion (GDD) [6] . Presently, dielectric chirped mirrors covering several octaves from the visible to the near infra-red spectral (NIR) range are available and enable the generation of laser pulses close to the estimated limit of 3 fs for a Ti:Sapphire laser oscillator [7 -9] . However the deposition process for fs components is complex. Smallest deviations of the layer thickness with respect to the design target can lead to a total failure of the projected GDD target band. High end deposition processes like Ion-BeamSputtering (IBS) in combination with precise monitoring techniques are required to maintain a stable deposition process [10] . Recently, the monitoring of IBS processes is significantly improved by controlling the group delay dispersion insitu on the moving substrates, applying a fiber based white light interferometer [11] . In addition, the monitoring concept is well suited to control chirped mirrors target specifications in a wavelength range beyond the bandwidth of the in-situ phase monitor [12, 13] . Besides the optimized monitoring technique, the design of a chirped mirror remains complex with respect to the electric field distribution. Highest field intensities can occur in layers deep inside the layer stack and are often located in the high index materials. Those layers are expected to determine the laser induced damage threshold of the mirror [14] . High refractive index layers with improved optical properties are needed. However, the number of possible binary dielectric materials for high quality coatings is limited. In semiconductor industry the electron confinement of two binary materials can be tuned by embedding a high refractive index layer in a matrix of two low refractive index layers. By choosing the thickness of the high refractive film small enough, the electron confinement can be changed in such structures, which are often addressed as nanolaminates [15] . Recently the formation of nanolaminates was also shown for dielectric amorphous materials [16, 17] . The optical gap could be tuned accompanied by an improved laser induced damage threshold.
This paper reports about the application of dielectric amorphous nanolaminates in conventional high reflective mirrors in order to increase the damage resistance of the mirrors. First, the potential of amorphous nanolaminates sequences is demonstrated. Afterwards nanolaminate sequences are inserted in a typical high/low stack of an HR mirror for the NIR 
Principle of dielectric nanolaminates and deposition process
The electron confinement of a binary high refractive index material H can be changed if it is embedded in a matrix of two low refractive index layers L. A nanolaminate sequence is defined as a periodic layer structure of (LH) n L, whereby n defines the number of layer pairs. High refractive index layers are named as quantum wells and low refractive index layers as barriers (Compare depicted principle in fig. 1 ). The distribution of the energy levels E n in the valance and conduction band can be calculated applying the finite potential well model and numerical solutions of Schrödinger equation [16, 19] . The energy levels E n are depending on the length of the quantum well L well and on the effective mass of the electrons m * e and holes m * h . The electron confinement in terms of the optical gap can be tuned by varying the quantum well. A spectral blue shift occurs for wells of Tantala or Hafnia narrower than 4 nm [16, 17] . The electrons can tunnel into specific regions of the barriers approximating an exponential decay e -αx . As a consequence, the quantum well is broadened by:
eff Well
For instance, the well is effectively broadened by L eff = 1.16 nm assuming an effective mass of the electrons of m * e = 0.8 m e for Tantala and a minimum well of L Well = 1 nm. The optical gap of nanolaminate sequences applying 1 nm wells is expected to stay constant for selected barriers thicker than 0.16 nm. In the following, dielectric nanolaminates of Tantala and Silica are analyzed with varying barrier thicknesses and varying quantum wells, respectively. Every discussed sample is manufactured applying an Ion-Beam-Sputtering process. For sputtering the deposition material from a zone target assembly loaded with Tantalum and Silicon, a 6 cm Veeco Ion source is operated with argon at a beam current of 150 mA. In reactive gas atmosphere binary Tantala and Silica layers with balanced stoichiometry are deposited and controlled by a precise Broad Band optical Monitoring (BBM) system [10] . The BBM is recording the transmittance every time the rotating monitor substrate is passing the collimator head. In addition the BBM is storing respective transmittance scan within a spectral range from 420 nm to 1050 nm after every completed single layer in the coating system. These scans can be automatically loaded to a reoptimization tool, which reviews the dispersion and layer thickness data with respect to the target by evaluating the obtained layer transmittance spectra. In conjunction with a fast refinement algorithm subsequent layers can be optimized [20] (Fig. 2) . The periodic to the spectra reflection me the absolute a be considered
The prese shift caused b multi-layer st stack system be identified 3. -right). In the fo evolution of t constant for manufactured 10, 5, 1, and thickness) at a center wavelength of λ c = 800 nm to ensure a precise calculation of the index of refraction with an accuracy of ± 1 %. Samples with barriers of 1 nm include the same total content of Ta 2 O 5 compared to nanolaminates with 10 nm in order to exclude blue shift effects induced by decreasing Tantala contents. According to the theoretical prediction, the optical gap remains constant while the index of refraction is increasing exponentially (Fig. 4 -left) . Next five nanolaminate samples are manufactured with a varying quantum wells from 8, 4, 2, 1 and 0.5 nm. In this sample set the barriers are kept constant with 20 nm, respectively. The index of refraction is decreasing linearly with lower wells while the optical gap is increasing exponential in good conjunctions to theoretical models (Fig. 4 -right) [16, 17] . 
Application of nanolaminates in HR-mirrors
The increasing optical gap is a promising basis to improve the laser induced damage threshold. Following this idea, nanolaminate sequences are integrated in a stack of a conventional high reflective mirror for the wavelength of 800 nm at an angle of incidence (AOI) at 0° ( Table 1 ). The design synthesis aims at a significant reduction of the electric field |E| in binary Tantala layers. The electric field is determined according to the maximum possible value in vacuum, which is the top value in front of an HR-mirror is 100% and calibrated to an incident wave of |E inc | = 50 %. An E-field optimized conventional (HL) 15 H design is characterized by a maximum electric field of 47 % in the Tantala layer of the stack next to the surrounding medium (air) (Fig. 5 -left) . Afterwards nanolaminate sequences are inserted in the calculated design. An empirical study provides best performance for decreasing the electric field in binary Tantala layers by integrating at least three nanolaminate sequences before the last high refractive index layer in the stack (Fig. 5 -right) . The nanolaminate sequences are characterized by a well of 1 nm and a barrier of 20 nm resulting in an optical gap of 4.65 eV. The thin Tantala layers of 1 nm within the sequence are controlled in thickness during deposition applying time control. The electric field is dropped to 60 % in the last Tantala layer. Wavelength him] Both mirror designs are manufactured applying the described IBS process. Spectral transmittance measurements (Lambda 1050 -PerkinElmer) indicate no significant deviations from the expected spectra ( Fig. 6 -lower row) within the target transmittance band. The respective transmittance data recorded after every layer are applied for a reverse engineering of the group delay dispersion band. Previous investigations revealed a good correlation between the measured group delay dispersion applying white light interferometry and the reverse engineering data [11 -13] . The GDD of the conventional HR mirror is shifted in central wavelength with respect to the calculated design ( Fig. 6 -upper  row) . Within (760 -860) nm a GDD of 0 ± 50 fs 2 is reached. The HR-mirror containing nanolaminate sequences depicts a good correlation of the GDD between the design and reverse engineering design. In the spectral range starting from 750 to 850 nm, a GDD of 0 ± 20 fs 2 can be expected.
In a next step, the laser induced damage thresholds of both mirrors were measured in a 10,000 on 1 procedure according to ISO 21254 [18] . The samples are irradiated close to normal incidence with laser pulses of a duration of τ P = 150 fs 2 at a repetition rate of 1 kHz. The measurement uncertainty for the retrieved LIDTvalues can be estimated with 10%, because of the uncertainty of fluence values used for the tests The conventional HR mirror is characterized by an absolute LIDT of H LIDT = 0.71 J/cm 2 . The mirror containing nanolaminate sequences offers a value of 0.82 J/cm 2 . The LIDT could be increased by 16 % by reducing the electric field in pure Tantala layers of around 7 % with respect to a standard binary HR mirror. The applied nanolaminate sequence is characterized by a 2.4 higher internal LIDT compared to binary Ta 2 O 5 . Thereby the internal LIDT is defined as H int = |E max |/|E inc |*H, with the relative ratio of the maximum electric field |E max | at a certain position in the stack and the incident wave |E inc |. The applied Software "Spektrum32" determines the ratio of the electric field according to the maximum possible value in vacuum, which is the top value in front of an HR-mirror with 100 % [25] . The measured LIDT of the corresponding layer structure is depicted by H. In a multilayer stack, the LIDT can be expected to be determined by the layer with lowest internal LIDT [14] . In contrast to the complex behavior in chirped mirror, the weakest layer in a conventional HR mirror is surface layer. This refractive index layer in the stack has an electric field of 47 % ( fig. 5 -left) . The internal LIDT of the mirror results to H int = 0.33 J/cm 2 . The maximum field strength inside the mirror containing nanolaminate sequences has a 1.22 times higher field strength compared to the binary Tantala layer in the HR stack. With respect to the RISED design by applying nanolaminate sequences, the most sensitive layer is the pure Tantala cover layer at the surface, which provides the possibility for further improvements. In detail, the damage of the mirror can be expected to be determined by the Tantala layer with an electric field of 40 % ( fig.  5 -right) . The demand of a constant internal LIDT allows the approximation of the absolute LIDT of the high reflective mirror containing the nanolaminates to H cal = 0.86 J/cm 2 [14] . The calculated value matches with the measurement result by a deviation of around 5 %. . The design approach is expected to be very promising for complex designs like chirped mirrors with demanding specifications of the GDD. In such designs the electric field distribution is complex, and values are reached for high refractive index layers deep inside the layer stack. The substitution of such layers by nanolaminate sequences is expected to lead to a much higher improvement in LIDT, because the internal LIDT of applied nanolaminates is much higher with respect to binary high refractive index layers. In recently published studies a chirped mirror applying binary Tantala and Silica materials is calculated aiming a GDD of -200 fs 2 and a spectral width of 100 nm. Field intensities up to 390 % occur in the Ta 2 O 5 in the stack. Substituting this high refractive index layer by a nanolaminate structure the maximum field intensity in Ta 2 O 5 could be dropped by a factor of 1.95. The LIDT could be improved by almost 190 % with respect to the binary chirped mirror [26] . In addition the application of dielectric nanolaminates offers the possibility to sputter single binary layers to tune the optical gap. The uniformity is expected to be more deterministic with respect to ternary composite layers, because the sputtering coil can be predicted more precisely for binary materials with compared to a changing composition of at least two target materials.
Conclusion
This paper reports about the application of dielectric amorphous nanolaminates. The optical gap can be tuned by embedding a high refractive index layer in a matrix of two low refractive index layers. By lowering the high refractive index layers below 4 nm the electron confinement starts to change. In good agreement with the finite potential well model the optical gap is increasing exponentially accompanied by a linear decreasing index of refraction. Furthermore, the optical gap remains constant for a fixed quantum well for varying thickness of the matrix layers, if the critical value for tunneling of electrons is not reached. The index of refraction can be increased exponentially for a constant optical gap by lowering the barriers. The displayed advantages are applied to increase the laser induced damage threshold of a conventional high reflective mirror for the near infrared spectral range. The applied nanolaminate sequence is characterized by a 2.4 higher internal LIDT with respect to a single Ta 2 O 5 layer. An empirical design synthesis is performed to evaluate best performance of nanolaminate sequences in a high reflective mirror by reducing the maximum electric field in the pure high refractive index layers. The electric field could be reduced in binary Tantala layers by 30 % with respect to a conventional binary Ta 2 O 5 SiO 2 high reflective mirror. The LIDT of the mirror containing nanolaminate sequences can be approximated taking advantage of the determined internal LIDT of the binary high reflective mirror. The calculated and measured LIDT matches within the error bars and impose an improvement of the LIDT of almost 16 %. .The design approach seems to be well suited for most complex designs with field intensities of several hundred percent in the high refractive index layer. The substitution of such layers by nanolaminate sequences with high internal LIDT values are expected to significantly improve the damage resistance of complex optical filters.
